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ABSTRACT: Materials showing rapid intramolecular energy transfer and polarization
switching are of interest for both their fundamental photophysics and potential for use in
real-world applications. Here, we report two donor−acceptor−donor triad dyes based on
perylene-bisimide subunits, with the long axis of the donors arranged either parallel or
perpendicular to that of the central acceptor. We observe rapid energy transfer (<2 ps) and
eﬀective polarization control in both dye molecules in solution. A distributed-dipole Förster
model predicts the excitation energy transfer rate for the linearly arranged triad but severely
underestimates it for the orthogonal case. We show that the rapid energy transfer arises
from a combination of through-bond coupling and through-space transfer between donor
and acceptor units. As they allow energy cascading to an excited state with controllable
polarization, these triad dyes show high potential for use in luminescent solar concentrator devices.
Since the turn of the century, global photovoltaic (PV)capacity has increased on average by 42% each year, from
1.5 GW to 70 GW,1 yet despite this tremendous growth,
renewables still account for a relatively small fraction of total
energy production. PV system prices have fallen consistently by
6−8% per year since 1998, but the cost of energy generated
from silicon PV is still relatively high.2 Crystalline silicon PVs
are ineﬃcient when operating in low light conditions and when
the incident radiation is oﬀ normal incidence. Although optical
concentrators using mirrors or lenses can reduce the amount of
PV material required by focusing a large amount of sunlight
onto a small area cell and active tracking mechanisms can be
used to ensure continuous energy generation, these compo-
nents constitute a large portion (approximately 60−70%) of the
total device cost2 but are unable to fully compensate for the
reduced PV performance in diﬀuse light conditions. Therefore,
they are unsuitable for use in climates where the weather is
often overcast or in urban environments where space is a
premium.
Luminescent solar concentrators (LSC)3−5 are a separate
class of concentrator devices based on a luminescent material
embedded in a transparent lightguide. Incident light is absorbed
and then re-emitted at longer wavelengths, with a large
proportion of the re-emitted light carried to the edges of the
guide by total internal reﬂection, where it is coupled out to PV
cells distributed around the edges.6 In general, the intensity of
light at the edges relative to that incident on the front surface is
much smaller than the surface to edge ratio of the device. There
are many loss sources associated with LSC,7 but three of the
major sources are due to incomplete absorption across the solar
spectrum by the luminescent material, self-absorption losses
during transit from the original absorber to the lightguide edge,
and escape from the front surface which is not internally
reﬂected. Attempts to address the ﬁrst of these issues have been
made by using stacks of multiple layers, each absorbing over a
diﬀerent part of the spectrum,4 or multiple dyes in the same
ﬁlm.4,8 In order to direct photoluminescence away from the
surface, an anisotropic distribution of luminophores is
crucial.9,10 Anisotropic dye distribution results in a larger
fraction of the emitted photoluminescence (PL) being directed
toward the edges of the lightguide and away from the surface,
reducing escape losses,11,12 while energy transfer between
donor and acceptor units on the same molecule reduces self-
absorption losses, as we have recently shown.13 A donor−
acceptor−donor triad dye with two unsubstituted perylene
bisimide (PBI) donors and one bay-substituted PBI acceptor in
a collinear arrangement was incorporated into a switchable LC
host. The elongated shape of the triad molecule enabled facile
alignment with the LC host, while the 2:1 ratio of donors to
acceptors means that self-absorption eﬀects could be minimized
without compromising on incident light absorption.
In PBI, the dipole moment of the S1 transition is aligned
along the long axis of the perylene unit.14,15 Thus, when the
linear triad dyes are all aligned with the LC host, there is very
little absorption of light polarized perpendicular to the long
molecular axis. Incorporating a second dye that shows the same
eﬃcient intramolecular energy transfer from donor to acceptor
units but has orthogonal donor and acceptor S1 transition
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dipole moments would enable more complete absorption of
incident light with any polarization while further lowering self-
absorption losses. Such an arrangement, however, would be
expected to show very low energy transfer rates from a simple
Förster model.
Here, we present such a triad dye, which shows switching of
photoluminescence polarization along with exceptionally fast
excitation energy transfer (EET), in contrast to predictions of
the Förster model. We directly compare the photophysics of
the D−A−D triad in which D/A dipole moments are
orthogonal with a triad in which the dipole moments are
collinear. We observe rapid energy transfer (τ ≈ 1 ps) and
strong PL anisotropy in both molecules when the donor units
are selectively excited. The broad absorption across much of the
visible spectrum of these two dyes, along with the eﬃcient
energy transfer and PL polarization switching makes these dyes
ideally suited to use in LSC devices.
The dyes investigated in this study are based on a central
bay-substituted perylene bisimide, directly linked to either two
benzoperylene trisimides16 or two unsubstituted perylene
bisimide units. Bay substitution lowers the energy of the S1
← S0 transition relative to the unsubstituted dye (see A as
compared to DL in Figure 1 and Supporting Information
Figure S4), allowing the central unit to act as an acceptor and
the outer two units as donors in energy transfer processes and
minimizing reabsorption by the donor units of any PL emitted
by the acceptor in the LSC. In addition, bay substitution
increases solubility and ease with which these and similar dyes
can be incorporated into a host matrix, making them promising
for use in LSC.17−19 The molecular structures of the two triads
(TH, TL) are shown in Scheme 1, along with those of the
donor and acceptor reference molecules (DH, DL, A). Dyes
TL, DH, DL, and A were synthesized as previously reported.13
A description of the synthesis for dye TH is included in
Supporting Information, along with complete characterization
details of all dyes used herein.
Because for each of the donors and the acceptor, the lowest
lying optically active transition has a dipole moment polarized
along the long (N−N) axis of the perylene bisimide
backbone,14,15 the dye with benzoperylene donors is referred
to as the H-shaped triad (TH) due to the orthogonal
arrangement of these transition dipoles, whereas the triad
with collinear transition moments is referred to as the linear
triad (TL).
Figure 1 shows the optical absorption spectra of TH and TL
triad dyes in solution. The lowest energy 0−0 peaks located at
465 nm (TH, DH), 527 nm (DL), and 550 nm (A) correspond
to S1 ← S0 transitions with dipole moment along the long axis
of the perylene bisimide unit.14,15 Higher energy transitions
located around 375 nm in TH and DH have an associated
transition dipole moment perpendicular to the PBI long axis
and involve the attached benzene and bisimide functional
groups of the donor unit.20
For these absorption measurements, solutions of the triad
dyes and acceptor monomer were prepared at a concentration
of 10 μM and those of the donor monomers at 20 μM.
Figure 1. Absorption spectra of (a) dyes TL, DL, and A and (b) dyes
TH, DH, and A in CHCl3, normalized to the sum of the donor and
acceptor absorbance. Solutions of triad dyes TH and TL and of A had
a concentration of 10 μM, whereas DH and DL were at 20 μM.
Spectra were recorded with a PerkinElmer Lambda 1050 spectropho-
tometer. The solid lines are the experimentally measured data and the
dashed gray line in each case is the linear combination of the individual
dye and acceptor spectra.
Scheme 1. Chemical Structures of the Five Dyes Used in
This Studya
aDyes TH and TL are the H-shaped and linear donor−acceptor dye
triads, dyes DH and DL are their respective donor moieties, and dye A
is the acceptor perylene bisimide common to both.
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Therefore, the overall concentration of donor and acceptor
units was the same in all cases, whether they were part of a triad
or free in solution. As a result, the linear sums of the donor and
acceptor spectra as shown in Figure 1 by the gray dashed lines
would be expected to match the spectra of the triad dyes in the
absence of any direct electronic coupling between subunits. In
reality, however, a strong degree of coupling between subunits
is observed; both donor and acceptor absorption peaks are red-
shifted relative to those of the isolated molecules. In particular,
the peaks corresponding to S1 ← S0 transitions of the donor
and acceptor units in the TL are red-shifted by approximately
42.5 and 30.2 meV respectively, compared to the reference
molecules DL and A. In the H-shaped triad TH, the donor S2
← S0 and acceptor S1 ← S0 transitions are red-shifted by 35.6
and 50.8 meV, whereas the donor S1 ← S0 peak remains
unchanged. A strong degree of electronic coupling is also
evident in the steady-state photoluminescence spectra (see
Supporting Information) as the emission peak of the acceptor
incorporated into the triads TL (TH) is red-shifted by 31.2
(42.4) meV relative to the isolated acceptor.
We investigated the rate of energy transfer occurring in the
triads by probing both the donor and acceptor emission
intensity after selective excitation of the donor subunit. Time-
and polarization-resolved photoluminescence spectra and
transients were recorded with subpicosecond resolution using
the photoluminescence upconversion technique as described in
the Supporting Information. Concentrated solutions of dyes
TH and TL were each excited with the frequency doubled
output of a Ti:sapphire laser at 450 nm, as there is a minimum
in the acceptor unit absorption spectrum at this wavelength,
allowing for preferential excitation of the donor subunits (at
450 nm, the total donor absorption is 5.4 and 3.2 times that of
the acceptor in dyes TH and TL respectively, see Figure 1).
Figure 2 shows the normalized time-resolved PL spectra for
both triads at times ranging from 0.1 to 100 ps after excitation,
and the insets show the unscaled PL data. For TH, emission
from the donor unit centered at 510 nm can be observed
immediately after excitation, which rapidly decays while the
acceptor emission increases. Even at short times (0.1 ps) after
initial excitation there is considerable acceptor emission, which
may arise from ultrafast energy transfer or some residual direct
acceptor excitation. The red shift of the main acceptor PL peak
during and after the decay of the donor emission is assigned to
solvent reorientation and relaxation processes.21 A lowering in
energy of the peak emission by 50 meV over the same 100 ps
window is also observed in the isolated acceptor in solution
(see Figure 2c and Supporting Information). Similar trends are
observed for TL, although here the donor emission is spectrally
not as well resolved as it occurs closer in energy to that of the
acceptor unit and, hence, appears as a shoulder on the blue-end
of the peak; however, visual inspection suggests that energy
transfer is even faster for TL.
We are able to determine the rate of excitation energy
transfer by following the emission intensity after excitation at a
wavelength speciﬁc to either the donor or the acceptor. Figure
3a shows the time resolved PL from donor and acceptor units
following preferential excitation of the donors at 450 nm. For
each of the two triads, rapid quenching of the donor emission is
observed, resulting from eﬃcient EET with a rate of k1 = 8.3 ×
1011 s−1 (τ1 = 1.2 ps) for TH (a similar transfer rate was
reported in related D−A dyad molecules22) and a faster rate of
k2 = 1.6 × 10
12 s−1 (t2 = 0.6 ps) for TL. These values were
extracted by ﬁtting the data with a monoexponential decay
convoluted with the instrument response function taking into
account the spatial excitation proﬁle in the cuvette.
To investigate whether such ultrafast energy transfer induces
a change in the direction of the oscillator dipole moment, we
separately recorded the transients of the emission intensity with
polarization parallel (I∥) and perpendicular (I⊥) to the
polarization of the excitation beam. From these data, the
time-dependent PL anisotropy r can be derived as usual, using r
= (I∥ − I⊥)/(I∥ + 2I⊥), with the result displayed in Figure 3b.
The use of a polarized excitation beam will result in preferential
excitation of those molecules with absorption transition
moment collinear with the polarization.23 For a system of
randomly oriented molecules with perfectly aligned absorption
and emission dipole moments, an initial PL anisotropy of 0.4 is
expected as a result.23,24 However, for a system in which all
emission dipole moments are perpendicular to the molecular
absorption moments, an anisotropy of −0.2 is to be observed.23
Hence, for the linear PBI triad TL, excitation of solely the
donor, followed by complete energy transfer to the acceptor, is
expected to yield a value of close to r = 0.4 for perfect
alignment of the coupled donor and acceptor dipole moments.
On the other hand, a value of r = −0.2 would be associated with
a polarization ﬂip by 90° on transfer. However, these values
may in reality be modiﬁed by the presence of direct acceptor
absorption and imperfect dipole alignment.
For the H-shaped triad TH, the PL anisotropy of the
acceptor emission rapidly falls to a stable value of −0.05,
indicating a signiﬁcant rotation of polarization between
absorption and emission dipole moments (Figure 3b). If a
Figure 2. (a,b) The time-resolved PL spectra of dyes TH and TL at 4
× 10−4 M in CHCl3 at short times (0.1 to 100 ps) after excitation. The
main plot shows the normalized time-resolved PL, whereas the insets
show the raw data. Each spectrum was corrected for the spectral
response of the system. (c) Peak emission energy as a function of time
after excitation for triad dyes TH (diamonds) and TL (circles) and for
A (squares) as a reference. The normalized and raw PL upconversion
spectra for A are shown in the Supporting Information.
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perfect 90° angle was held between the transition dipoles of the
donor and acceptor subunits, we would expect a ﬁnal
anisotropy of −0.10, taking into account the fraction of direct
acceptor excitation derived from the relative absorptivity of the
subunits at 450 nm. The observed value of −0.05 is higher than
this, and would be commensurate with an angle of 72° between
dipole moments,23 suggesting that the long axes of adjacent PBI
units in TH may not be perfectly perpendicular.
The PL anisotropy of the linear triad TL has a starting value
of 0.4 at time t = 0, partly inﬂuenced by some direct excitation
of the acceptor, then decays to a stable value of 0.32 upon EET.
These data demonstrate that the emission dipoles of the
subunits in this dye are aligned and polarization is mostly
retained on EET, although as is the case with TH, this
alignment appears to be slightly imperfect.
From the perspective of Förster EET theory,25,26 the ultrafast
energy transfer observed for TH is highly surprising, given that
the transition dipoles for emission/absorption of donor/
acceptor units are expected to be fairly orthogonal. In Förster’s
model, energy transfer is mediated by a Coulombic interaction
between transition dipole moments on the donor and acceptors



















where ΦD is the ﬂuorescence quantum yield of the donor, τD is
the radiative lifetime of the donor emission, NA is Avogadro’s
constant, n is the refractive index of the medium (n = 1.446 for
CHCl3), and |RDA| is the distance between the donor and
acceptor point dipoles associated with the transitions. The
orientation factor, κ is given by
κ μ μ μ μ= ̂ ̂ − ̂ ̂ ̂ ̂R R. 3( . )( . )A D A DA D DA (2)
where μ̂A and μ̂D are the unit vectors of the transition dipole
moments on the donor and acceptor respectively, and R̂DA is
the unit vector along the line connecting the two. JDA describes
the degree of overlap between the normalized donor emission
and acceptor extinction coeﬃcient as
∫ λ ε λ λ λ= ∞J F ( ) ( ) dDA 0 D A
4
(3)
For a system in which the transition dipoles of the donor and
acceptor are orthogonal to each other and to the vector
connecting them, a value of κ = 0 is obtained, and hence,
energy transfer is absent. One key assumption is that the
transition dipoles on the two units involved in EET can be
modeled as point dipoles; that is, they are small compared to
the separation between them. In dyes such as the triads
investigated here, this is obviously not the case, as both the
length of the perylene bisimides and the separation between
them are on the order of 1−2 nm.
To assess whether such electronic wave function delocaliza-
tion can account for the observed ultrafast energy transfer in
TH, we compare experimentally extracted rates to a suitably
modiﬁed version of Förster theory. There are several methods
of accounting for the breakdown of the dipole approximation
including the line-dipole,27 distributed-monopole,28 and
transition density cube29 models. These models are applicable
to cases with very weak coupling between chromophores such
as TH, in which there is no shift of the donor S1 peak positions
despite the close proximity of donor and acceptor.30
Here, we have used a two-dimensional variation of the line-
dipole model that takes into account coupling between local
transition densities in the plane of the donor and acceptor
molecules. The transition density on the donor and acceptor
was approximated as the ground state of a 2-D particle in a box,
and split into ni and nj subunits μi and μj as depicted
schematically in Figure 4a. A sum over the interaction between
each element of the total dipole moments was incorporated































where μi and μj are the transition dipole moment elements, κij is
the orientational factor between each subunit as given in eq 2,
and Rij is the distance vector between the midpoints of the
interacting elements.
The calculated energy transfer rates are shown in Figure 4b
for TH (top) and TL (bottom). The energy transfer rate
(kFRET) as a function of the number of elements along the long
axis of the donor and acceptor units (ni) are plotted for each
with dashed lines included as a guide to the eye. For a value of
ni = 1, eq 4 reduces to the simple Förster model; here, an
energy transfer of identically zero is obtained for dye TH
assuming orthogonal transition dipole moments. For any
number of elements ni > 1, however, rapid energy transfer on
the order of (26 ps)−1 for TH and (0.15 ps)−1 for TL are
predicted, highlighting the importance of taking the spatial
extent of the transition dipoles into account.
Figure 3. (a) Total PL intensity and (b) PL anisotropy as a function of
time after excitation for the triads TH and TL. In each case, the solid
(empty) circles show the PL and anisotropy measured at 510 nm (620
nm). The dashed lines are lifetime ﬁts with a monoexponential decay,
convoluted with the instrument response function (dot-dash line).
Lifetimes of τ = 1.2 ps and τ = 0.6 ps were determined for TH and TL,
respectively. The point of t = 0 for the PL anisotropy was deﬁned as
the time at which the normalized PL intensity was unity. The
excitation wavelength for both measurements was 450 nm and the
dyes were at a concentration of 4 × 10−4 M in CHCl3.
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For the linear triad TL, the model predicts an energy transfer
rate of (0.15 ps)−1, which is comparable to the experimentally
determined transfer rate of (0.6 ps)−1. For the H-shaped triad
TH, however, the predicted value of (26 ps)−1 is more than an
order of magnitude slower than the experimental value of (1.2
ps)−1. PL anisotropy measurements discussed above indicated
that the angle between donor and acceptor transition dipole
moments on TL (TH) may have not be fully aligned
(orthogonal). We therefore also explored whether torsions
and bending around the N−N bond may have an impact on
energy transfer. The energy transfer rate was calculated as a
function of the bending angle θxz of this bond (Figure 4b, right-
hand side). Here, the number of elements along the long axis of
the perylene units was set to ni = 10 in order to allow a
compromise between the adequate representation of the
continuously distributed wave function and the limitations
imposed by computational speed. For TH, even a relatively
large bending angle of 18° between donor and acceptor units
only increases the energy transfer rate very slightly up to (21
ps)−1, which is still far slower than the experimentally observed
value. Therefore, although electronic wave function delocaliza-
tion and bond bending may account for a large extent of
unusually fast energy transfer in the H-shaped triad, a
signiﬁcant discrepancy remains that cannot be accounted for
by simple through-space dipole−dipole coupling or by a
Frenkel exciton/vibronic model.22
We therefore propose that through-bond energy transfer
between the strongly electronically coupled donor and acceptor
units has a signiﬁcant contribution to the overall EET in the H-
shaped triad. Energy transfer in covalently bound donor−
acceptor systems has been studied extensively,22,25,26,33−42 and
both through-space contributions mediated by electronic
multipole coupling25,26 and through-bond mechanisms, which
depend on orbital overlap between the two units,34 have been
shown to play a role. For perylene monoimides and bisimides,
the location through which donor and acceptor units are linked
has a strong impact on the degree of through-bond electronic
coupling which can occur.41,42 When linked through the 9-
position of the perylene, extensive conjugation throughout the
entire molecule and an absorption spectrum strongly diﬀerent
to those of the constituent chromophores were observed.41 In
contrast, when the PBI unit was linked to the same acceptors
through the imide nitrogen, the two units were found to be
electronically independent of each other.42 This diﬀerence in
behavior has been attributed to the presence of nodes in the
frontier molecular orbitals centered on the nitrogen atom in
PBI.43
The H-shaped triad TH investigated here also has donor and
acceptor units connected at the imide nitrogens; however, there
are several pieces of evidence pointing toward through-bond
electronic coupling making a contribution to the unexpectedly
rapid energy transfer. First, there is signiﬁcant deviation
between models based on through-space EET and the observed
transfer rates. Second, the strong bathochromic shift of the
donor S2 ← S0 and acceptor S1 ← S0 transitions of the triad
relative to the isolated donor and acceptor dyes, as is evident
from absorption and emission spectra (see Figure 1). Third,
although the acceptor is linked through the imide nitrogen at
the end of the perylene subunit, the donor unit is not. For a
coplanar conﬁguaration of the donor and acceptor subunits,
therefore, there is extensive delocalization across the entire
molecule in several of the orbitals involved in optical transitions
(see DFT calculations44 in the Supporting Information). Direct
electronic coupling may therefore be enabled by torsions about
the N−N linking bond.38,45 Hence, a combination of through-
space energy transfer facilitated by electronic wave function
delocalization, supplemented by through-bond energy transfer,
allows an ultrafast energy transfer in TH that is accompanied by
a switch in polarization.
In conclusion, we have investigated the dynamics of energy
transfer and polarization switching for two compound perylene
bisimide triad dyes that show excellent potential for use in
luminescent solar concentrator devices. For both triad dyes,
highly eﬃcient energy transfer from donor to acceptor moieties
is shown to occur within less than 2 ps. For the orthogonally
arranged H-shaped triad, the observed rates are in sharp
contrast with the Förster point-dipole model, which predicts an
absence of energy transfer in this geometry. The observed fast
rates are shown to arise from a combination of through-space
energy transfer between delocalized electronic electronic states,
and through-bond energy transfer, mediated by bond-bending
and torsions. As a result, a system of two triad dyes is presented
that allows for an energy downshift to reduce self-absorption
while giving excellent control over emission polarization.
Figure 4. (a) Schematic representation of the FRET model of energy
transfer between donor and acceptor in dyes TH and TL. Dipole
transition moments within each chromophore were those from a 2D
PIB model, and bending in the D−A bond was introduced by pivoting
about the bond midpoint in the x−z plane. (b) Left: the calculated
energy transfer rate (× 1010 s−1) as a function of the number of dipoles
ni included along the perylene long-axis, shown for triads TH (top)
and TL (bottom). Right: calculated energy transfer rates as a function
of the bending angle θxz shown in (a) above, plotted for ni = 1, nj = 1
(point-dipole model) and ni = 10, nj = 7 (line-dipole model). The
dashed lines in the left-hand side plots are included as a guide to the
eye.
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Embedding such triads in a liquid crystal host should result in
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